Saltation threshold, the minimum wind speed for sediment transport, is a fundamental parameter in aeolian processes. Measuring this threshold using boundary layer wind tunnels, in which particles are mobilized by flowing air, for a subset of different planetary conditions can inform our understanding of physical processes of sediment transport. The presence of liquid, such as water on Earth or methane on Titan, may affect the threshold values to a great extent. Sediment density is also crucial for determining threshold values. Here we provide quantitative data on density and water content of common wind tunnel materials (including chromite, basalt, quartz sand, beach sand, glass beads, gas chromatograph packing materials, walnut shells, iced tea powder, activated charcoal, instant coffee, and glass bubbles) that have been used to study conditions on Earth, Titan, Mars, and Venus. The measured density values for low density materials are higher compared to literature values (e.g., ∼30% for walnut shells), whereas for the high density materials, there is no such discrepancy. We also find that low density materials have much higher water content and longer atmospheric equilibration timescales compared to high density sediments. We used thermogravimetric analysis (TGA) to quantify surface and internal water and found that over 80% of the total water content is surface water for low density materials. In the Titan Wind Tunnel (TWT), where Reynolds number conditions similar to those on Titan can be achieved, we performed threshold experiments with the standard walnut shells (125-150 µm, 7.2% water by mass) and dried walnut shells, in which the water content was reduced to 1.7%. The threshold results for the two scenarios are almost the same, which indicates that humidity had a negligible effect on threshold for walnut shells in this experimental regime. When the water content is lower than 11.0%, the interparticle forces are dominated by adsorption forces, whereas at higher values the interparticle forces are dominated by much larger capillary forces. For materials with low equilibrium water content, like quartz sand, capillary forces dominate. When the interparticle forces are dominated by adsorption forces, the threshold does not increase with increasing relative humidity (RH) or water content. Only when the interparticle forces are dominated by capillary forces does the threshold start to increase with increasing RH/water content. Since tholins have a low methane content (0.3% at saturation, Curtis et al., 2008), we believe tholins would behave similarly to quartz sand when subjected to methane moisture.
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Introduction
Aeolian processes are fundamental in modifying the surfaces of all solid bodies in the Solar System with permanent or ephemeral atmospheres, including Earth, Venus, Mars, Saturn's moon Titan (Greeley and Iversen, 1985) , Neptune's moon Triton (Smith et al., 1989) , Pluto (Stern et al., 2015) , and the comet 67P/Churyumov-Gerasimenko (Thomas et al., 2015) . Studying aeolian features on planetary bodies enhances our understanding of nearsurface winds, including the minimum wind speed to initiate saltation, wind direction, sediment flux, dune migration rates, and landscape modification. This information also provides input data and tests for global circulation predictions, leading to more powerful and accurate models. These models can then be run for different conditions providing insight into past or future climates.
Threshold wind speed is a fundamental parameter for understanding how and under what conditions wind detaches particles from the surface. Boundary layer wind tunnels serve as powerful laboratories for the study of aeolian processes, including threshold wind speed. Boundary layer tunnels were first used by Bagnold (1941) , who pioneered the study of the minimum wind speed needed to initiate saltation on Earth. To test whether the parameters for quantifying threshold wind speed on Earth were also appropriate for Venusian and Martian conditions, the Martian Surface Wind Tunnel (MAR-SWIT) and Venus Wind Tunnel (VWT, now refurbished to the Titan Wind Tunnel, TWT) were built. The MARSWIT simulates the atmospheric pressure on Mars (4.0-8.7 mb) with both martian atmosphere (CO 2 ) and dry air (Greeley et al., , 1977 (Greeley et al., , 1980 . To simulate the weight of the grains under the lower gravity of Mars, low density materials like walnut shells have been used . The VWT achieved the same atmospheric density as on Venus using CO 2 , and employed quartz sand as sediment (Greeley et al., 1984a, b) .
Cassini spacecraft data show extensive linear dunes covering 35% of equatorial regions (±30
• ) of Titan (Lorenz et al., 2006; Radebaugh et al., 2008) . The dune materials are likely dominated by radar-dark (wavelength 2.17 cm) organic materials deposited from the atmosphere, with some minor water ice (McCord et al., 2006; Soderblom et al., 2007; Barnes et al., 2008; Clark et al., 2010; Le Gall et al., 2011; Hirtzig et al., 2013; Rodriguez et al., 2014) . Global circulation models and measurements from the Huygens Doppler Wind Experiment show the dominant surface transporting winds are weak east to west winds (see e.g., Bird et al., 2005; Tokano, 2010) . Conversely, the streamlined appearance of the dunes is consistent with west to east winds (see e.g., Lorenz et al., 2006) . In order to address this mystery, as well as to quantify the threshold wind speed and to study other aeolian processes on Titan, the TWT was built (Burr et al., 2015a,b) .
The robustness of wind tunnel experiments depends both on the degree of control of environmental conditions (e.g., pressure, relative humidity) and an understanding of experimental materials. The TWT simulates certain properties of Titan's near-surface atmosphere by using high pressure air (12.5 bar) to achieve the same Reynolds number (Re*) as on Titan. The Reynolds number is the ratio of inertial to viscous forces (Re*=u*D p /ν, where u* is the threshold friction wind speed, D p is particle size, and ν is kinematic viscosity); this dimensionless number characterizes whether flow is laminar (Re * 1) or turbulent (Re * 1). Titan has a surface temperature of 94 K, a surface pressure of 1.5 bar (Lindal et al., 1983 , Fulchignoni et al., 2005 , and an estimated atmospheric kinematic viscosity that is only about 1/12th of Earth (Burr et al., 2015a, Extended Data Table 1 ). The TWT at 12.5 bars and room temperature achieves the same value for kinematic viscosity (6.25×10
−6 Pa · s) as on the surface of Titan. Low density materials have been used in threshold experiments in the TWT to compensate for Titan's low gravity, which is about 1/7 th that of Earth (∼ 1.4 m/s 2 ). In the case of TWT experiments, a range of particle sizes and densities have been utilized to measure a wide span of potential conditions over which threshold can occur, thereby allowing extrapolation to the very low weight materials on Titan (Burr et al., 2015a) .
The threshold wind speed is a function of the force balance of gravity (F g ), aerodynamic lift (F l ), aerodynamic drag (F d ), and interparticle forces (F i ), as shown in Fig. 1 . F g is dependent on mass which, in turn, is proportional to material density. For relatively heavy materials like quartz, the density determination is straight forward. However, for low density materials, most of which are porous and irregular, density values can vary considerably depending on the density definition used (see Section 3.1). The density values used in literature for low density materials , 1977 , 1980 , Burr et al., 2015a are usually taken from manufacturer labels, which usually do not specify a specific density definition. Thus it is necessary to reevaluate the data from these manufacturer labels.
Interparticle forces consist of van der Waals, cohesion, and electrostatic forces. Van der Waals forces describe the dipole-dipole interactions between neutral molecules. Cohesion forces are the attraction forces between particles with condensed liquid on them. Electrostatic forces are the attraction or repulsion forces between charged particles or particles with different surface potential. On Earth, where water is abundant, cohesion forces are much larger than van der Waals and electrostatic forces (McKenna Neuman et al., 2003) . On Titan, electrostatic forces likely dominate the interparticle forces (see discussion in Lorenz 2014 , Burr et al., 2015a , and the same may be true on other planetary bodies where liquid water is not abundant, such as Mars, Venus, Triton, Pluto, and Comet 67P. On Titan, cohesion between liquid ethane or methane could also be important (Lorenz 2014) . The surface tensions (γ s ) of liquid methane and ethane at Titan's surface temperature and pressure are only about 15-20 mN/m (Baidakov et al. 2013) and are lower than water at 25
• C on Earth (γ s =72 mN/m). Thus the cohesion force for liquid methane and ethane on Titan should be lower than the cohesion for water on Earth given the same relative humidity for their respective surface temperatures. Using the TWT, Burr et al. (2015a) found that the experimental saltation threshold wind speeds are 50% higher than the model predictions of Iversen and White (1982) and Shao and Lu (2000) . The inclusion in these models of a density ratio term with the very low density ratio (sediment density over atmospheric density) for Titan conditions caused the models to fit the TWT experimental data. Ongoing work includes using higher pressures in the TWT (15 and 20 bar) to further study the effect of the density ratio on threshold (Nield et al., 2016) . Lower pressures are also used (1, 3, and 8 bar) to simulate possible past Titan conditions (possible past pressure as low as 0.7 bar, Charnay et al., 2014 , Bridges et al., 2015 .
The models used in the previous TWT work and many other wind tunnel experiments did not specify interparticle forces for different materials. The experiments also did not dry the materials, which were exposed to ambient atmosphere with relative humidity (RH) ranging from 45 to 65%. During the TWT runs, the air used in the wind tunnel had an RH of 20 to 35% in the current experimental regime. Thus the interparticle forces were likely dominated by cohesion forces because the electrostatic charges dissipate very quickly when RH is greater than 5% (Bunker et al., 2007) . In order to correctly simulate aeolian processes on Titan, where electrostatic forces are predicted to dominate the interparticle forces (Lorenz 2014 , Burr et al., 2015a , a quantitative understanding of interparticle forces is therefore necessary. To accurately translate the TWT results to Titan conditions where liquid water is absent, we need to assess the effect of water present in Earth-based experiments on interparticle forces. Because of their low densities, which are used to provide some compensation for low extraterrestrial gravitational accelerations, the materials commonly used as analog sediments in Martian or Titan wind tunnel simulations are particularly susceptible to interparticle forces, highlighting the importance of this issue for understanding planetary aeolian processes.
Previous studies of the effect of relative humidity on threshold which focused on Earth are reviewed below (Section 2). In Section 3.1, we summarize the common materials used in planetary wind tunnels and their basic properties according to the literature. The experimental methods are introduced in Section 3.2-3.4. We measured the density of materials in use in planetary wind tunnels (Section 4.1) and their gravimetric water content and Earth Figure 1 : Forces acting on a particle stacked on two particles in airstream of density ρ a (after Shao and Lu, 2000 and Kok et al., 2012) . The particle density, ρ p , and the particle size, D p are the same for all three particles. The forces include gravity (F g ), the aerodynamic lift (F l ), the aerodynamic drag (F d ), and interparticle forces (F i ). The moment arm lengths a g , a l , a d , and a i correspond to F g , F l , F d , and F i , respectively. atmospheric equilibration timescales (Section 4.2). To further understand the effect of liquid on threshold, we measured the surface water content of the materials (Section 4.3). In Section 4.4, the threshold results of TWT experiments for wet and dry low density materials are shown. The implications for the threshold wind speed and entrainment of particles on Titan are discussed in Section 5. Bagnold (1941) used the balance of gravity and aerodynamic drag to derive the threshold friction wind speed for dry sand:
where A is a function of Reynolds number Re* and interparticle forces. When Re*>3.5 (when particles are beyond the viscous sublayer and are more susceptible to fluid drag), A is found to be a constant, with A=0.1 in air and A=0.2 in water, ρ p and ρ a are the density of the particle and atmosphere, respectively, and d is the mean aerodynamic particle diameter. This function is only appropriate for dry sand particles over 200 µm; for smaller sediments, interparticle forces become more significant compared to the weight of the particles. Belly (1964) conducted the first wind tunnel experiments on the effect of humidity on threshold using 400 µm sand, and found that,
where u * w stands for threshold for wet sand, u * b is the expression in Equation 1, w is the water content in percent by mass, and RH is the relative humidity in percent by pressure. When RH or water content increases, the threshold will increase accordingly. The results of Belly (1964) are shown in Fig. 2 (threshold RH) and Fig. 3 (threshold water content) . Iversen et al. (1976) , Iversen and White (1982) , and Greeley and Iversen (1985) added interparticle forces and aerodynamic lift into the force balance and expanded the threshold model to small grains <200 µm. Their model is a piecewise function in three Reynolds number regimes. On the basis of a more explicit expression of interparticle forces, Shao and Lu (2000) simplified the model of Greeley and Iversen (1985) to a single equation: 
where
and
The term a i /a l is the ratio of the moment arm lengths of interparticle and lift forces (see Fig. 1 ). The term β c d expresses the electrostatic and van der Waals forces. The term |Ψ|A c describes the effect of cohesion. Ψ is the matric potential (also called Laplace pressure, ∆p) that describes the pressure difference caused by surface tension, and it can be expressed by the Kelvin equation,
where R=8.314 J mol −1 K −1 is the ideal gas constant for dry air, T is temperature in K, and V l is the molar volume of the liquid (for water, V l =1.8 × 10 −5 m 3 mol −1 ). A c is the total contact area of adsorbed water films between particles and is approximated in McKenna Neuman and Sanderson (2008) as,
δ 0 is the thickness for a monolayer of adsorbed water, and δ is the water film thickness,
and H is the Hamaker constant, an interaction parameter for adhesive surfaces (−1.9 × 10 −19 J, Iwamatsu and Horii, 1996; Tuller and Or, 2005) . k is a dimensionless number describing the surface roughness (∼ 10 −4 -10 −5 ), and the power n varies between 6-8, depending on the surface roughness and particle packing arrangement. Both k and n are determined by fitting the experimental data to the model. Thus threshold wind speed is a function of matric potential Ψ. The introduction of matric potential is useful for both humid coastal areas and cold regions (McKenna Neuman and Nicklings, 1989 , data shown in Fig. 3 ) since it incorporates two variables, temperature and relative humidity, into one single variable. However, its applicability to low density materials has never been tested. Based on Equation (4), the results for the threshold RH variation are shown in Fig. 2 for 125 µm (k=2.1 × 10 −4 , n=6.1) and 210 µm quartz sand (k=2.1 × 10 −4 , n=5.0). Note that compared to slope of the threshold RH variation for 400 µm sand (Belly, 1964) , the slope for 125 µm and 210 µm is lower, while it should be higher for smaller sediments according to Equation 4. This discrepancy may be due to the use of different threshold definitions (Fecan et al., 1999); Belly (1964) (Ravi et al., 2006) . The lines show model fits to the data: (1) 400 µm sand using Equation (2); (2) 125 µm sand using Equation (4); (3) 210 µm sand using Equation (4).
and Nicklings (1989) for sand was no longer applicable because clay has much stronger adsorption forces to bond a layer of water film than quartz sand. Fecan et al. (1999) combined previous studies (Belly, 1964; Bisal and Hsieh, 1966; McKenna Neuman and Nickling, 1989; Saleh and Fryrear, 1995; Chen et al., 1996) and found an empirical formula for threshold as a function of gravimetric water content:
where w is the water content per mass, and u * w and u * d respectively correspond to wet and dry threshold wind speeds. The result is shown in Fig. 3 , and can be compared with the data and fitting of Belly (1964) . Fecan et al. (1999) defined an initiation water content w', where they showed that once the water content of soil exceeds w', the threshold increases with increasing water content in soil. However, wind tunnel runs with clay and sandy loam under a range of humidities found different results. Ravi et al. (2006) found threshold increases with increasing RH only when RH is less than 40% or greater than 65%. When RH is between 40% and 65%, threshold decreased with increasing RH. The wind tunnel results data from Ravi et al. (2006) for two kinds of soil (different clay content) are shown in Fig. 2 . They explain the results as follows: 1) for low RH (RH<40%), an adsorption layer covers the particle (which happens only for soil with a clay component) and the cohesion forces are dominated by the adsorption forces; 2) for high RH (RH>65%), water condenses and forms liquid bridges between particles and the cohesion forces are mainly the capillary forces between liquid bridges; 3) for RH in between 40% and 65%, a transition between the adsorption forces and capillary forces occurs, resulting in lower interparticle forces (see Equation 11 below). They thus modified the interparticle forces F i (Equation 6) in McKenna-Neuman (2003) by modifying the total contact area A c to describe the transition region (45%<RH<65%):
where w' is the soil moisture content, ρ w is the water density, and y is the distance between the two contacting sphere particles. Because w' varies as (Saleh and Fryrear, 1995) . The lines show model fit to the data: (1) 400 µm sand using Equation (2); (2) 510 µm sand using Equation (10); (3) sandy loam using Equation (10); (4) clay loam using Equation (10); (5) clay using Equation (10).
c|Ψ|
−b , and b < 1, the total cohesion |Ψ|A c is proportional to |Ψ| 1−b , and thus when RH increases, the cohesion forces decrease, leading to decreasing threshold wind speed.
Overall, previous studies of the effect of water on the threshold wind speeds agree that for coarse-grained materials, the more water the materials have, the higher the threshold. That is, when RH or water content of sand increases, the interparticle cohesion between the particles increases, leading to a higher threshold. However, for sand with clay components, the threshold decreases with an increase in RH when RH is between 45% and 60%, although it is still larger than threshold in dry conditions with dry materials (Ravi et al., 2006, see Fig. 2 ). Thus, we should expect a higher threshold for low density materials when RH is high or when materials are not dried and thus have a high water content.
Methods

Materials
Special care must be taken for planetary wind tunnels to reproduce relevant environmental conditions. As described in the previous section and shown in Table 2 , there are several major planetary conditions that affect aeolian transportation: 1) transporting materials, 2) gravity, 3) atmospheric density, 4) atmospheric viscosity, and 5) density ratio.
The materials transported by wind on inner Solar System terrestrial planets (Earth, Venus, and Mars) are mainly from silicate rock, with Earth sediments dominated by quartz sand and Venus and Mars sediments are mainly mafic basaltic sand. For materials that have been used in the TWT, both quartz sand (including white silica sand and beach sand from Cemexusa) and basaltic sand (acquired from Pisgah Crater) are easy to acquire and resemble the real aeolian sediments for Earth, Mars, and Venus. On the other hand, for icy worlds in the outer solar system, including Titan, Triton, and Pluto, the sediments are mainly organics. Analogs to those organic materials can be made in the laboratory ('tholins', Sagan et al., 1979 and Cable et al., 2012) , but low yields and toxic composition means that they are not ideal for wind tunnel experiments, for which larger quantities are required (∼ 3000 cm 3 for TWT). Tholins may also behave differently room temperature than under Titan conditions. Laboratory experiments indicate that Titan tholins have an effective density (ρ eff ) of 500-1100 kg/m 3 (Hörst and Tolbert, 2013 ) and material density (ρ m ) of 1300-1400 kg/m 3 (Imanaka et al., 2012) . Effective density and material density are related by a shape and porosity factor (S). When the particles are perfect spheres without pores (S=1), the effective density and material density are equal; irregularities and porosity both decrease S (Hörst and Tolbert, 2013) . Here we use these two measurements to estimate the maximum and minimum values of the material density on icy bodies, including Titan.
To investigate aeolian planetary processes in an Earth laboratory, we have to use materials with lower densities to compensate for the higher gravity on Earth. For example, on Mars the material transported is basaltic sand with density of 3000 kg/m 3 , but since Martian gravity is only about 3/8ths that of Earth, previous experiments have used lower density material (1100 kg/m 3 ) to simulate the weight of the materials as transported on Mars. Table 2 shows the density for equivalent weight aeolian materials on other planetary bodies. Low density materials that have been used in previous wind tunnel experiments (Greeley et al., 1980; Burr et al., 2015a) and which are investigated here are walnut shells (from Eco-shell, Inc), gas chromatograph packing materials made from flux calcined diatomite (GC tan, Johns-Manville), iced tea powder (4C Totally Light), instant coffee (Foodhold U.S.A., LLC), activated charcoal (Sigma-Aldrich), and glass bubbles (3M).
To extend the previous work into threshold conditions on Titan (Burr et al., 2015a) , we include additional materials with different densities. These additional materials include non-acid washed and acid washed glass beads (Mo-Sci Corporation, Sigma-Aldrich, 2500 kg/m 3 ), gas chromatograph packing materials made from calcined diatomite (GC pink, Johns-Manville, 2150 kg/m 3 ), and chromite (Reade Advanced Materials, 4000 kg/m 3 ). The materials investigated in this work include all the previously and currently used TWT materials (Greeley et al., 1980; Burr et al., 2015a) . The materials are summarized in Table 3 in order of decreasing literature density values. The materials investigated in this study are the same batches (except iced tea powder and instant coffee) as the ones at the TWT, thus having the same size range as well as composition. Burr et al. (2015b) . For Triton and Pluto, atmospheric density values are derived using the ideal gas law, and surface temperature and pressure are adopted from Smith et al. (1989) and Gladstone et al. (2016) , respectively. The atmospheric viscosity for Triton and Pluto is calculated by using gas type and temperature at http://www.lmnoeng.com/Flow/GasViscosity.htm. 3.1-12.0×10 6 organics 3.2. Density Measurements Measuring particle density requires a series of careful measurements. Mass is straightforward to obtain with an analytical balance. For this work, the mass of the materials was measured by an analytical balance (Satorius Entris 224-1S), with standard deviation of 0.1 mg.
The particle volume is more difficult to measure, because of a number of different definitions of density. Fig. 4 compares three densities: the bulk density (ρ b ), particle density (ρ p ), and material density (ρ m ). Bulk density has the smallest value, as the bulk volume includes: 1) volume of the solid material, 2) closed internal voids, 3) open pores of particles, and 4) interparticle voids. The volume defined in particle density (ρ p ) includes the volume of the solid material and the volume of the internal closed pores, whereas the Table 3 : Summary of material properties. GC indicates Gas Chromatograph packing materials. GC tan is calcined diatomite: according to Burr et al. (2015a) , it a has different color compared to GC pink. For the literature density values, chromite, basalt, quartz sand, beach sand, and glass beads are standard values. Density of the GC pink, GC tan, activated charcoal, and glass bubbles were provided by the manufacturer. Density of walnut shells is originated from Greeley et al. 1980 material volume (ρ m ) only includes the solid material volume. The particle density can be smaller or equal to the material density, depending on porosity. When the particles have internal pores, the particle density is always smaller than the material density (Fig. 4) . Conversely, when particles have no pores, the particle density is equal to the material density (Webb, 2001 , also see Fig. 4 ).
Here we used an AccPyc II 1340 Automatic Gas (Helium) Pycnometer to measure the volume of the materials. The principle of the pycnometer is the gas displacement method and is illustrated in Fig. 5 . Helium gas is first admitted into an empty compartment with calibrated volume V empty , until it equilibrates with a certain pressure (Fig. 5(b) ). The samples are sealed in a second calibrated cup with volume V cup . After the pressure is stable in the empty compartment (P 0 ), the helium gas is discharged from the empty compartment to the cup with the samples. The helium gas fills the spaces within the sample as small as ∼3Å rapidly, and the final equlibrated pressure in the system is recorded as P final (Fig. 5) . Using the ideal gas law:
the pycnometer calculates the volume of the sample, V sample . The volume of the materials (V) and the standard deviation are given automatically by the pycnometer after 10 purges and 20 runs with the materials.
Gravimetric Water Content Measurements
We determine the water content of the materials by gravimetric measurements. The Relative Humidity (RH) and temperature in laboratory were recorded using a digital hygrometer (Dwyer Instrument) with 0-100% RH range (accuracy of ±2%) and −30-85
• C (accuracy ± 0.5 • C). The materials were put in an aluminum foil boat during the measurement. To eliminate the water adsorption of the aluminum foil, we put the foil in a 120
• C oven (Lab Safety Supply Model No.32EZ28, temperature accuracy ±1
• C at 100
• C) for 24 hours, and weighed it immediately after removal (m dry ). The weight of the aluminum foil boat increases over time until equilibrating with water moisture in the atmosphere (m wet ), usually in about 10 minutes. Thus, the amount of water adsorption on the aluminum foil is:
After the equilibration of the aluminum foil boat, we laid a thin layer of materials on the bottom of the boat. The materials and the boat were then dried together in the 120 • C oven for 24 hours. A lower temperature (105 • C) was tried to bake the materials, but it didn't change the overall results. After drying, they were weighed again immediately (m dry ). Then we left the materials in air to let them equilibrate, weighing them every 0.5-5 minutes. When the weight of the materials no longer changed with time, we recorded this final weight (m wet ), ambient RH, temperature, and the time the materials took to equilibrate (t eq ). The final water content of the materials after they equilibrate (at a given RH and temperature) is given by:
Figure 5: Pycnometer work flow and the ideal gas law used to calculate the volume of the sample (V sample ).
Thermogravimetric (TGA) Measurements
Since many of the low density materials we used are porous, water is both adsorbed on the surface and absorbed in the interior of the particles. The surface water affects threshold by increasing interparticle cohesion, whereas the interior water changes the density of the materials. Therefore it is important to differentiate between surface and internal water. Surface and internal water are released at different temperatures and can be separated using thermogravimetric analysis (TGA). The samples, weighing 10-50 mg, were placed in an aluminum crucible and then loaded into a Mettler TGA/SDTA851e purged with nitrogen. The samples were heated from 25.0 to 600.0
• C at a rate of 10.00
• C/min. A slower heating rate (5.00
• C/min) was tested on a walnut shell sample, but it did not change the overall results. The RH during the experiment was measured by the RH probe described in Section 2.3.
Titan Wind Tunnel Experiments Using 'Wet' and 'Dry' Sediments
To experimentally investigate the effect of water adsorption on threshold, we ran a set of experiments in the TWT at a range of pressures as a comparison study of walnut shells (size 125-150 µm) that were either subject to drying ('dry') or were in equilibrium with the ambient humidity at 1 bar ('wet'). The small end of the sediment size (125-150 µm) was chosen for the 'wet' and 'dry' runs because smaller particles are more sensitive to interparticle force change than larger particles with greater gravitational forces. To measure their water content, the 'wet' walnut shells were analyzed after the TWT run following the method described in Section 3.3, using a different analytical balance (A&D HR-120 with standard deviation of 0.1 mg) and oven (VWR Economy Vacuum Oven Model 1400E, temperature accuracy ±3.5
• C). To prepare the 'dry' walnut shells, we put the materials needed for a TWT run (approximately 3000 cm 3 ) in a 120
• C oven for 24 hrs. Then we transferred all the materials into a desiccator (Lab Safety Supply, I.D. 300mm) with desiccant (Carolina, Silica Gel, Indicating Beads, Laboratory Grade) in preparation for the TWT experiment. While we set the bed for the TWT experiment (see Extended Data Figure 2 in Burr et al. 2015a) , the materials were exposed to ambient air for 40 minutes. We chose the walnut shells for this experiment because their equilibration timescale, as discussed in Section 4.2, is longer than the time required to set the bed. The procedure for conducting experiments in the TWT can be found in Burr et al. (2015a) . For the experiments presented here, the pressures in the TWT were 1, 3, 8, 12.5, 15, and 20 bars. The freestream wind speed was converted from dynamic pressure collected by pitot tubes in the TWT (for details, see Methods in Burr et al., 2015a ; the only change is that the current TWT has the fixed pitot tube in the test section to collect dynamic pressure, instead of at the back of wind tunnel as described in Burr et al., 2015a) .
Results and Discussion
Particle density measurement of wind tunnel materials
The particle density measurements show that for materials with densities over 2000 kg/m 3 (chromite, basalt, quartz sand, beach sand, glass beads, and GC pink), the measured densities are very close to the densities reported in the literature (see Table 4 ). However, for material densities less than 2000 kg/m 3 (GC tan, walnut shells, instant coffee, activated charcoal, iced tea powder, and glass bubbles), the measured densities differ from those in the literature or as provided by the manufacturer (see Table 5 ). Thus here we can divide the materials into two groups, high density and low density materials, where the division between low density and high density materials is 2000 kg/m 3 . The discrepancy between the particle density measured by the helium gas pycnomter and the density reported in the literature or by the manufacturer could be attributed to the different density definitions. The helium gas in the pycnometer can rapidly fill the open pores of the materials, thus the pycnometer measures the particle density (ρ p <ρ m if the particles have closed internal pores, or ρ p = ρ m if the particles have no internal pores). The density reported in the literature may be bulk density given by the manufacturer, as it is with activated charcoal, iced tea powder, instant coffee, and GC tan (calcined diatomite). The density used for walnut shells in the literature is 1100 kg/m 3 (Greeley et al., 1980; Burr et al., 2015a) , whereas the density measured by pycnometer gives 1400 kg/m 3 . One possible explanation is that the densities given by the manufacturer are defined in other ways or are not measured precisely. The density measured for the high density materials are likely closer to the literature value because those materials generally have no internal voids. However, the 'density' used in the TWT data analysis depends also on the porosity, surface area, size, and shape of the particles. Therefore, this value should fall between the bulk density and the material density, but probably closer to the material density because the wind can penetrate the interparticle voids. 
Water content and equilibration timescales of wind tunnel materials
The gravimetric measurements allow us to classify the materials by water content. As shown in Fig. 6 , the materials can be divided into 2 groups: 1) materials with low water content (<1%), including all materials with literature densities over 2000 kg/m 3 (high density materials) and glass bubbles and 2) materials with high water content (>6%), including materials with literature densities less than 2000 kg/m 3 (low density materials), except glass bubbles. For the equilibration timescales shown in Fig. 7 , we can classify the materials in the same way: low water content materials have a short equilibration time, usually less than 1 hr, while high water content materials have a long equilibration time, over 6 hrs. For the same kind of material, both the water content and equilibration timescales show no apparent size dependence (Fig. 6 and Fig. 7 ). One possible explanation for the high water content of low density materials is the combination of being hydrophilic and having large surface areato-volume ratios, whereas the high density materials generally have smaller surface area-to-volume ratios and are hydrophobic. Glass bubbles are the exception; they are low density but they also have low water content (∼0.05%) and short equilibration time (∼15 min) like high density materials. This is because they are designed to have low surface-area-to-volume ratio and are hydrophobic.
In Fig. 8 we present the equilibration curves of two typical wind tunnel materials, quartz sand (low water content, high density) and walnut shells (high water content, low density). The walnut shells have much higher water content and equilibrate more slowly than quartz sand. In the first 10 minutes when quartz sand is approaching equilibrium, the walnut shells adsorb much more water by weight compared to quartz sand in the same time period. This correlation indicates water content and equilibration timescales are related. The long equilibration time for the low density materials also indicates that these materials cannot be dried quickly by circulating dry air in the wind tunnel. However, a short exposure time to air for the low density materials will not increase the water content to the equilibrium state.
We used the natural variation of humidity in the laboratory (15-60%) to see how water content varies as a function of RH. There is a linear relationship between RH and water content for some of the materials shown in Table 6 , including basalt, beach sand, walnut shells, activated charcoal, GC tan, iced tea powder, and instant coffee. They all have R 2 values greater than 0.8 for a linear relationship. These linear relationships could be used to estimate water content of materials when only RH is recorded. For chromite, glass beads, quartz sand, GC pink, and glass bubbles, the coefficients of determination R 2 for the linear relationships are only between 0.3-0.6. There may be a linear relationship between RH and water content for these materials as well, but the relationship is difficult to measure without a more precise analytical balance because of the low water content of these materials.
Surface and internal water of wind tunnel materials
As discussed in Section 3.4, surface water can change the interparticle cohesion and affect the threshold. The surface water measurements from TGA are listed in Table 7 .
For materials with less than 0.2% water content, the mass loss was below the limit of detection for the TGA. Thus for high density materials like basalt, quartz sand, beach sand, and chromite, the surface and internal water content cannot be detected using the TGA. However, the high density materials are not porous or hydrophilic, thus the surface water content should equal the total water content, which we measured by gravimetric analysis.
For the low density materials like walnut shells, iced tea powder, and instant coffee, we can only get partial information from TGA, because thermal reactions will occur for these materials at high temperature. Generally, the surface water of a material releases from about 50
• C to 150 • C, then its internal water starts to release from about 200
• C. Walnut shells start to release their internal water from about 175-200
• C, but thermal destruction begins around 202
• C (Findorák et al., 2016) , so we cannot get the internal water content of walnut shells directly from TGA measurement. For iced tea powder, thermal destruction happens at the lowest temperature of all the materials investigated, which is about 150
• C. For instant coffee, thermal destruction happens at 175
• C. Activated charcoal is stable during the entire heating process until 600
• C. From Table 7 , we can find that surface water occupies over 80% of the total water content for activated charcoal. Even For the materials marked with * (GC tan, activated charcoal, instant coffee, walnut shells, and iced tea powder), the equilibrium timescales were long, so that the minimum equilibration timescales are plotted. Density values for the materials are adopted from the pycnometer measurements in Section 4.1. for activated charcoal with extremely high porosity, the surface water still dominates. The estimated total water content using the linear relationship in Table  6 should equal the sum of surface water and internal water. However, it seems clear from this analysis that most of the water measured, if not all, by gravimetric analysis is surface water. Table 7 : Separation of surface and internal water from TGA analysis for some of wind tunnel materials. We calculated the estimated water content values using the linear relationship of RH and water content from Table 6 . The n/a* for basalt, quartz sand, beach sand, and chromite indicates no water was detected for those materials. The n/a † for walnut shells of all sizes, iced tea, and instant coffee indicated other chemical processes take place instead of the water loss process to high temperature, thus we cannot measure the internal water. For iced tea powder, neither the surface nor the internal water can be measured because chemical processes happen at lower temperature. The n/a ‡ indicates the estimated water content of quartz sand and chromite at the specific RH are acquired from direct measurements rather than the linear relationships in Table 6 .
Material
Size To understand the equilibration process for low density materials, we exposed dry walnut shells (150-175 µm) to ambient air for different lengths of time, and then measured their surface water content through TGA. The results are shown in Table 8 . The surface water shows the same value for walnut shells exposed for 2 hours and walnut shells exposed for 4 hours, indicating the surface water equilibrates in 2 hrs or less. The walnut shells exposed for 22 hours have a lower surface water content value, which may have been caused by an RH change during the longer time period. Table 8 : The measured equilibration process of walnut shells 150-175 µm. The four walnut shells samples were baked for 24 hrs in a 120
• C oven and then exposed to air (RH∼40%) for 0, 2, 4, and 22 hrs. The surface water was then separated by TGA analysis.
Size Overall, we found that water in low density materials is dominated by surface water, while interior water occupies less than 20% of the total water content. Also, surface water is adsorbed first when dry materials are exposed to ambient air. Because only surface water would affect the interparticle cohesion, we believe for low density materials, a change of the water content of the materials would change their interparticle cohesion, and may affect threshold wind speed.
The effect of water adsorption on threshold wind speed
For the 'wet' walnut shells, the materials sat and were in equilibrium with ambient air (RH varies between 50-60%). The water content of the 'wet' walnut shells before the TWT run was 8.14% and after the TWT was 7.20%, which suggests that the materials were dried by the mixture of air in the TWT due to lower concentration of water vapor (see Section 1). During the TWT run, the RH outside the wind tunnel varied between 50.1% to 51.8%, while the RH inside the wind tunnel varied between 16.7% to 36.5%.
For the 'dry' walnut shells run, after drying and cooling down the sediments, the measured water content was 1.29%. After the bed was prepared and all the TWT runs finished, the water content of the 'dry' walnut shells increased to 1.67%. During this TWT run, the RH outside the wind tunnel varied between 51.6% to 53.7%, while the RH inside the wind tunnel varied between 3.7% to 11.9%. Note that the RH inside the wind tunnel for the 'wet' scenario is larger than the 'dry' scenario. So moisture may come out from the 'wet' walnut shells, thus increasing the RH inside the TWT. Table 9 shows the threshold freestream wind speed for 'wet' and 'dry' TWT runs at different pressures. The 'wet' thresholds for different pressures are consistently a couple percent larger than the 'dry' thresholds. However, the differences are smaller than the standard deviations of the threshold wind speed for both 'wet' and 'dry' runs.
The reason for the similar 'wet' and 'dry' thresholds may be due to the similar water adsorption behavior of walnut shells to clay minerals. According to the measurements done by Pirayesh et al. (2012) , walnut shells consist of 46.6% of holocellulose, 49.1% lignin, and 3.6% ash. Holocelluose is rich in hydroxyl groups, similar to clay minerals (e.g., kaolinite). The free hydroxyl groups of holocelluose can thus adsorb water through hydrogen bonding, creating an adsorption layer covering the particles (Gwon et al., 2010) , while lignin cannot adsorb such a layer of water (Nourbakhsh et al., 2011) . Thus walnut shells behave like a mixture of 'clay' (hollucellulose) and 'quartz sand' (lignin). Note that clay also has long equilibration timescales and high water content similar to walnut shells (Ravi et al., 2006) . Thus we would expect that walnut shells behave similarly to a clay/quartz mixture when subjected to water.
According to Fecan et al., (1999) , with clay mixed into quartz sand, threshold does not change when the water content of the materials is below the initiation water content (w'). Threshold will only start to increase with increasing water content when the initiation water content is reached. And with increasing clay content in quartz sand, this initiation water content value is higher. This is caused by the different interparticle cohesion schemes of clay and quartz sand. For quartz sand, the interparticle forces are dominated by capillary forces, which are of similar magnitude to the gravity and wind drag forces. Thus with increasing water content, the threshold will increase accordingly for quartz sand. While for clay minerals, when the water content is lower than the initiation water content value (w<w'), the interparticle forces are dominated by adsorption forces due to the molecular bonding between the hydroxyl groups in the clay minerals and water. Adsorption forces are much weaker than capillary forces, thus when the water content increases, even though adsorption forces are increasing, the threshold doesn't change significantly. When the initiation water content is reached (w>w'), the cohesion forces start to be dominated by capillary forces and the threshold wind speed begins to increase with increasing water content. Simply substituting the 46.6% holocellulose content as the clay content for walnut shells in Equation 10, we get the initiation water content value, w', w = 0.0014 * 46.6 2 + 0.17 * 46.6 = 11.0
When water content of walnut shells is lower than 11.0%, interparticle forces are dominated by adsorption forces, which is much weaker than capillary forces. It is only when it exceeds 11.0%, that the interparticle forces are dominated by capillary forces and the threshold begins to increase with increasing water content. This comparison could explain the similar threshold results for the 'wet' and 'dry' walnut shells with water contents of 1.67% and 7.20%, respectively, as both values are lower than the initiation water content value. The low density materials are usually chosen to match the weight for the relevant planetary body. However, the low density materials may not have the same interparticle forces compared to the real transporting materials. For example, walnut shells used in both the MARSWIT and TWT are more similar to a clay/quartz mixture in terms of interparticle cohesion forces. GC tan (mixture of clay and other minerals), iced tea powder, and instant coffee are similar in that they all adsorb a layer of molecular bonded water (hygroscopic water) and have high water content and low density such that their interparticle forces should behave like walnut shells. They all have an initiation water content, after which the threshold starts to change with increasing water content (see the left column in Fig 9) . On Mars, the transporting material is mostly basaltic sand, a high density material, and its interparticle Figure 9 : Lists of clay/quartz sand mixture-like materials and pure quartz sand-like materials and comparison of their behavior when subjected to water. The dark blue layer is the adsorption/hygroscopic water, while the light blue layer is the capillary water. The w is the water content of the material by mass, and w' is the initiation water content.
cohesion should be closer to quartz sand. Quartz sand is hydrophobic, so it doesn't form the molecular bonded water layer. Rather, the water on its surface directly contributes to capillary water, as shown on the right column in Fig. 9 . Thus with increasing water content of quartz sand, threshold increases accordingly.
For materials with similar interparticle forces to quartz sand, we can use the model of McKenna Neuman and Sanderson (2008) to translate the TWT results to Titan conditions for different RH in the TWT. These materials have low water content and short equilibration timescales, including all high density materials and one low density material, glass bubbles (see Section 4.2). The conversion ratios to convert u * TWT to u * Titan for these materials are shown in Fig. 10(a) and Fig. 10 (b, blue line). Materials that are similar to a clay/quartz sand mixtures need a certain water content to alter the interparticle forces from adsorption forces to capillary forces. For walnut shells, this initiation water content is predicted in Section 4.4, 11.0%. Using the RH-water content relationship for walnut shells in Table 6 , we find that the corresponding initiation RH is about 90%. Since we have never observed such high RH in the TWT, here we only include the density correction (1400 kg/m 3 instead of 1100 kg/m 3 ), for the conversion ratios in Fig. 10(b) . For GC tan, the density correction is 2000 kg/m 3 instead of 1300 kg/m 3 . Since no size range is provided for iced tea powder and instant coffee, we cannot make a prediction for them. Activated charcoal is hydrophobic, its high water content is mainly attributed to its large surface area, and currently we cannot conclude which group it belongs to.
To correctly simulate different interparticle force regimes, determination of the water content of the materials is very important. If the water content of the material is high (>6%), as is usual for low density materials, the material likely behaves like clay when exposed to water. If the water content of the material is low (<1%), it may behave as quartz sand when exposed to water. Thus the determination of water content could not only distinguish the density of the materials, but more importantly, this information may provide insight on the effect of water RH on threshold. This information makes the only exception, glass bubbles (a low density material with a low water content), very useful in simulating both the gravity and interparticle forces of real transporting Titan particles. Although electrostatic forces can make these glass bubbles stick together (thus make them hard to sieve) and further experiments should consider this effect before using them.
The effect of methane humidity on tholins
On Titan, the transported material is dark organic sand (Barnes et al., 2008) , with possible methane and ethane moisture affecting its cohesion force (Lorenz 2014) . Laboratory studies of the adsorption of methane and ethane on tholins show that at saturation, tholins can adsorb only 0.3% of methane by mass (approximately a monolayer) or a monolayer of ethane (Curtis et al., 2008) . As the molecular weights of water (18 g/mol) and methane (16 g/mol) are similar, the methane content of tholins may be close to the water content of quartz (and other high density materials). Thus it is possible that the interparticle cohesion of tholins (subjected to methane moisture) is similar to quartz sand (subjected to water vapor); that is, methane acts as capillary liquid instead of an adsorption liquid. With the increasing relative humidity of methane, or increasing methane content of tholins, the threshold wind speed for tholins or Titan's organic sand will increase accordingly, with no initiation liquid content like clay/quartz mixture or walnut shells (to water vapor).
In the definition of the matric potential Ψ (Equation 7), when RH approaches 0, Ψ → −∞, and when RH is 100%, Ψ = 0. Thus when including the matric potential in calculating the thickness of the liquid film (Equation 9), the values become extreme when RH is very small or very large (see the solid blue curve in Fig. 11 ). These extreme RH values would also lead to extreme values for the threshold wind speed u*. To avoid this issue, we developed a second model incorporating measurements of methane film thickness on tholins in Curtis et al. (2008) , shown as the dash-dot blue curve in Fig. 11 , with a Langmuir adsorption isotherm fit. This thickness fit has no extreme values for the whole RH range and is more realistic compared to McKenna Neuman and Sanderson (2008) . To calculate the total interparticle Iwamatsu and Horii (1996) and Israelachvili (2011 Roughness Power (n) 4.5 f(Re*) 0.024 cohesion force, instead of using Ψ (Equation 6) we use another expression of the Laplace pressure ∆p to avoid the extremes at RH=0 and RH=100% (Christenson, 1988) :
where γ s is the surface tension of methane, 15 mN/m (Miquet et al., 2000) , δ is thickness of the methane film, and θ is the contact angle between methane and tholins. Here we use cos θ = 0.97 (Lavvas et al., 2011) . The results for the computed threshold variation with changing the relative humidity of methane are shown in Fig. 11 . The solid red curve shows the modeling result of threshold wind speed variation with RH of methane under Titan conditions using the model of McKenna Neuman and Sanderson (2008) , and the dash-dot red curve shows the modeling result incorporating the Langmuir model and data of Curtis et al. (2008) . The solid red curve displays a more dramatic change with increasing methane RH than the dash-dot red curve; however, for both models, extreme methane humidity causes the threshold wind speed to change by less than 20%, compared to dry conditions (RH=0). This minimal change could be attributed to the lower surface tension of methane compared to water and Titan's low temperature. However, this explanation assumes the geometry, contacting mechanics, and electrostatic forces of Titan's organic sand is similar to Earth quartz, which is not known. Thus further research on these properties of tholins is necessary. (2008) model. As RH approaches 100%, the calculated thickness and threshold approach infinity, so here we only show RH between 0 to 90%. Model 2 shows the thickness and threshold wind speed variation with methane humidity using the data and Langmuir model of Curtis et al. (2008) .
Conclusion
We measured various properties for low density materials used in planetary wind tunnels that have been missing or incomplete in the literature. The literature-given density of walnut shells, in use since the 1970s, 1100 kg/m 3 , is lower than our measurement of 1400 kg/m 3 , a difference of 30%. The effect of moisture on low density materials is also very distinct compared to high density materials. Low density materials generally have high water content (>6%) and long equilibration timescales (>6 hrs), while high density materials have low water content (<1%) and short equilibration timescales (<1 hr). The determination of the water content of the material provides insight into the sensitivity of threshold wind speed to RH based on our 'wet' and 'dry' walnut shell TWT runs. The results indicate that threshold is not very sensitive to 'wet' vs 'dry' walnut shells. The materials with high water content tend to behave like a clay/quartz mixture (where adsorption forces dominate below the initiation water content, and then the capillary forces dominate), whereas the materials with low water content are more likely to behave similarly to quartz sand (where capillary forces always dominate). When the interparticle forces are dominated by capillary forces, the threshold increases with increasing water content. Because tholins have a low methane content, we hypothesize that when the real transporting materials on Titan are subjected to methane moisture, they would behave similarly to quartz sand subjected to water.
